Bacteria release cysteine to moderate the size of their intracellular pools. They can also evolve hydrogen sulfide, either through dissimilatory reduction of oxidized forms of sulfur or through the deliberate or inadvertent degradation of intracellular cysteine. These processes can have important consequences upon microbial communities, because excreted cysteine autoxidizes to generate hydrogen peroxide, and hydrogen sulfide is a potentially toxic species that can block aerobic respiration by inhibiting cytochrome oxidases. Lead acetate strips can be used to obtain semiquantitative data of sulfide evolution (Oguri et al., 2012) . Here we describe methods that allow more-quantitative and discriminatory measures of cysteine and hydrogen sulfide release from bacterial cells. An illustrative example is provided in which Escherichia coli rapidly evolves both cysteine and sulfide upon exposure to exogenous cystine (Chonoles Imlay et al., 2015; Korshunov et al., 2016) .
3. Add 0.2 mM cystine to the culture. Turn the shaker on and let the culture mix for 10 sec. 4 . Remove 1 ml of bacterial culture every 2-5 min. 5 . Centrifuge the 1-ml aliquot (30-60 sec) using microcentrifuge (13, 800 x g). 6 . Place 0.5 ml of supernatant into a test tube and bubble it vigorously with nitrogen for minimum 30 sec to remove hydrogen sulfide. 7 . Mix the bubbled supernatant with 0.5 ml of DTNB reagent by pipetting 3-4 times.
8. Allow reaction for minimum 1 min and then measure the absorbance at 412 nm. 9. Calculate the thiol concentration using extinction coefficient of 13 OD/mM of cysteine. Multiply the obtained value by 2 to correct for the dilution by the DTNB reagent.
Note: Escherichia coli cells fed cystine excrete a significant amount of thiols (3) (4) micromolar per minute at 0.1 OD). The excreted thiols are mostly cysteine (about 90%) and hydrogen sulfide (about 10%). Mass spectroscopic analysis has shown that the release of other biological thiols, i.e., glutathione, is negligible (Korshunov et al., 2016) . Cysteine can be unstable in aerated medium because adventitious metals can catalyze its oxidation; therefore, EDTA is included to block this reaction. Nitrogen bubbling is necessary to remove hydrogen sulfide from the solution. Typical results are presented in Figure 1 should be obtained for each medium. This method was modified from Siegel (1965) . Typical results are presented in Figure 2 . The DMPDA-based method for sulfide determination may not work properly if high cysteine concentrations (> 5 mM) are present in the medium. The weakness of this method is that, despite high reliability and sensitivity, the signal/background ratio is not optimal at low sulfide concentrations (see Figure 1 ). To address this situation, we developed a simple and sensitive DTNB-dependent system that employs an alkaline trap. D. DTNB-based procedure with an alkaline trap 1. Grow E. coli culture to OD 0.1 in minimal A medium, with sulfate as the sole sulfur source. Copyright The rate at which sulfide is taken away from bacterial culture is proportional to its concentration in the medium, so the rate of accumulation of sulfide in bottle 2 will increase over time until the rate of sulfide formation by cells in bottle 1 equals the rate of sulfide removal to bottle 2 (Figure 4) . A small part of the sulfide from the gas mix will not be trapped in the alkaline solution of bottle 2 due to an incomplete gas:liquid exchange process. This portion can be determined by spiking a standard amount of sodium sulfide into bottle 1 and quantifying its recovery in bottle 2. The purpose of the frit is to create smaller bubbles that enhance exchange; the general technique can be replicated with pipets, but sulfide trapping may be less efficient. Copyright Note: All our bacterial cultures were handled at 37 °C. For this reason, the washing tubes were kept in a pre-warmed water bath.
Data analysis
Cysteine-excretion and sulfide-excretion rates are calculated from the slope of the data (see cultures rely on single measurements per sample; blanks from sulfide-free samples are subtracted before calculating the sulfide content of experimental samples. Technical replicates can be determined for each point and averaged, and best-fit curves are calculated. As discussed below, most variation arises from biological variance, which has different sources depending upon the phenomenon being studied; accordingly, workers are encouraged to measure biological replicates, but the nature and degree of the variation are not addressed here.
The technical variation among samples is modest. Three micromolar cysteine in culture supernatants was measured with a standard error of 2%. Three micromolar sulfide in culture supernatants was detected with SEM of 7%. Three micromolar sulfide in an alkaline trap was detected with SEM of 2%. Precision in the cysteine and sulfide-trap analyses is improved by obtaining multiple time points, if the experimenter is confident that the actual rates of excretion do not change over the course of the measurement.
Notes
Variability in data is dominated by variance among biological rather than technical replicates. There are a variety of scenarios that might attract the interest of biologists, and so we do not attempt to highlight the issues that might impinge upon fluctuations in cell behavior. In general, the excretion of hydrogen sulfide depends upon the efficiencies of cysteine/cystine import and the titers of desulfidases; each of the responsible proteins is regulated (Korshunov et al., 2016) . Similarly, cysteine efflux rates also depend upon the induced levels of export systems (Chonoles Imlay et al., 2015) . Therefore, experimenters who wish to track rates of sulfide or cysteine efflux are encouraged to tightly control cell-handling protocols, particularly with respect to medium, time, and temperature.
